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bstract
Penicillin acylase (PA) from Escherichia coli can catalyze the acylation of 6-aminopenicillanic acid (6-APA), a conversion that is applicable in
he biocatalytic preparation of semi-synthetic -lactam antibiotics such as ampicillin. The efficiency of this kinetically controlled conversion, in
hich an amide or ester acts as the acyl donor, is dependent on the kinetic properties of the enzyme. To further improve the synthetic properties of
As, family gene shuffling was performed with the PA-encoding genes of the PAs from E. coli, Kluyvera cryocrescens and Providencia rettgeri. Of
hese three PAs, the E. coli enzyme possessed the best properties for the synthesis of ampicillin. Shuffled recombinant libraries were pre-screened
or activity by growth selection, followed by testing the catalytic performance in ampicillin synthesis using HPLC. Three clones with improved
ynthetic properties were selected and sequence analysis showed that the shuffled genes were hybrids of the PA-encoding genes from E. coli and K.
ryocrescens, with additional point mutations. The hybrid enzymes displayed a 40–90% increase in the relative rate of acyl transfer to the -lactam
ucleus during ampicillin synthesis. This increase was not accompanied by a reduction of synthetic activity that has previously been reported for
utants of E. coli PA constructed by site-directed mutagenesis. Similar improvements in acyl transfer were obtained for the synthesis of amoxicillin,
ephalexin and cefadroxil, making the new hybrid enzymes interesting candidates for the biocatalytic synthesis of several -lactam antibiotics.
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. Introduction
Penicillin acylase (penicillin amidohydrolase, EC 3.5.1.11)
s a serine hydrolase that is used for the biocatalytic production
f 6-aminopenicillanic acid (6-APA) by hydrolysis of penicillin
, which is obtained by fermentation. Penicillin acylases (PA)
re present in various bacteria, archea and fungi [1–3], and they
re likely to be involved in the metabolism of aromatic carbon
ompounds [4,5]. The pac gene encodes a preprotein consisting
f a signal peptide, an -chain, a spacer peptide and a -chain
nd maturation of this PA preprotein yields a heterodimer con-
isting of the - and -chain of 23 and 63 kDa, respectively. In
000, the crystal structure of the precursor protein was solved
nd it provided evidence for an autocatalytic processing mech-
nism of the preprotein [6]. Earlier X-ray analysis had already
∗ Corresponding author at: Nijenborgh 4, 9747 AG Groningen, The Nether-
ands. Tel.: +31 50 3634209; fax: +31 50 3634165.
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hown that the hydroxyl group of the N-terminal serine of the
-subunit becomes acylated during the first half reaction, and
eacylated when the acyl enzyme is cleaved in the second half
eaction [7]. The free NH2 of this serine is proposed to act as a
ase that facilitates proton abstraction.
The penicillin nucleus 6-APA is a key intermediate for
he preparation of several semi-synthetic -lactam antibiotics.
hemical coupling of an appropriate acyl group to 6-APA is
ccompanied by the use of hazardous and polluting chemicals,
eeds to be done at low temperature to prevent formation of
ide-products, and requires a large amount of energy [8–10].
he use of biocatalysis would make this conversion more envi-
onmentally benign. Penicillin acylase can also be applied for the
oupling of an acyl group to 6-APA. Unfortunately, the synthetic
roperties of the well-studied PA from Escherichia coli ATCC
1105 are only moderate, which causes incomplete conversion
f the substrates to products. Since the enzymatic coupling is a
inetically controlled process, the yield of the reaction is depen-
ent on the kinetic properties of the enzyme, and alternative
nzymes may be more suitable. Penicillin acylases have also
1336 S.A.W. Jager et al. / Enzyme and Microbia
Fig. 1. Kinetic scheme describing the synthesis and hydrolysis reactions catal-
ysed by PA. Abbreviations: E is the free enzyme, E.AD is the non-covalent
enzyme-acyl donor complex, P1 is the product released during acylation of the
enzyme, EAc is the acyl-enzyme intermediate, A the hydrolysis product, EAc.Nu


























and is given by Youshko et al. [15]:
F
s
hnzyme–product complex and Ps is the synthesis product (e.g., antibiotic). KNu,
AD and KPs are the binding constants of substrates and products indicated, and
ac, kh1, ks, k−s and kh2 are the rate constants of the reaction steps.
een found in Kluyvera cryocrescens and Providencia rettgeri,
ut the synthetic properties of these enzymes are not well doc-
mented.
Youshko et al. [11] proposed that a kinetically controlled syn-
hesis catalyzed by PA can be represented by the scheme shown
n Fig. 1. Essentially the same scheme was used to describe
(
ig. 2. Kinetically controlled synthesis of ampicillin. Penicillin acylase can couple the
ide chain and the formed product can be hydrolyzed to phenylglycine (PG). Structur
ybrids are given as well.l Technology 40 (2007) 1335–1344
he synthesis and hydrolysis of peptides by chymotrypsin [12],
apain [13], and carboxypeptidase Y [14]. An activated acyl
onor (AD), usually an amide or a methylester of a phenylacetic
cid derivate, is attacked by O of Ser1 of the enzyme to form
n acyl-enzyme intermediate (EAc) (Fig. 2). This covalent inter-
ediate can either be hydrolyzed by water, yielding the free acid
Ph) of the acyl donor, or aminolyzed by a -lactam nucleus
Nu), yielding the desired product (Ps). The formed antibiotic
an also be hydrolyzed by the enzyme, liberating the -lactam
ucleus (Nu) and the free acid (Ph). Due to this competitive
roduct hydrolysis, the concentration of antibiotic will reach a
aximum [Ps]max, after which it will decrease again (Fig. 3).
ince no antibiotic is present at the beginning of the reaction,
roduct hydrolysis can be neglected in the initial phase of the
onversion. Hence, the rate of formation of Ps (vPs ) divided by
he rate of formation of Ph (vPh) represents the preference of the





1 + β0γ[Nu] (1)
activated side chain (PGA) to the -lactam nucleus (6-APA). Both the activated
es of the other semi-synthetic -lactam antibiotics that were synthesized by the
S.A.W. Jager et al. / Enzyme and Microbia
Fig. 3. Synthesis of ampicillin () and the formation of PG () catalyzed by E.
coli PA from 15 mM d-PGA (©) and 25 mM 6-APA (). The left y-axis shows
the concentrations of the products ampicillin and d-PG, whereas the right y-















































































CCAAGCTTCTGCAGGTCGACCCCGGG-3 (SmaI-site italics, a SalI-site inines represent the initial rate of formation of the products and the synthetic
arameters (Ps)max, (vs)ini and (vh)ini are depicted.
According to Eq. (1), the plot of (vPs/vPh )ini against [Nu]
ncreases hyperbolically with increasing nucleophile concen-
rations. At low levels of the -lactam nucleus (Nu), most of
he acyl enzyme is in the unbound form. Hence, the covalent
ntermediate is mainly hydrolyzed by water. At increasing con-
entrations, the (vPs/vPh)ini reaches a maximum when the acyl
nzyme is saturated with the nucleophile (Nu). This maximum
s given by 1/γ , whereas β0 corresponds to the initial slope
15].
The third parameter necessary to describe the behaviour of




A low α-value indicates a relatively low tendency of product
ydrolysis, which leads to an increase of the maximum amount
f product that is accumulated during the conversion.
With these three parameters the maximum amount of product
hat accumulates during a kinetically controlled synthesis can be
redicted according to Eq. (3) [15].
d[Ps]
d[Ph]
= β0[Nu][AD] − α[Ps](1 + β0γ[Nu])(1 + β0γ[Nu])([AD] + α[Ps]) (3)
ith [AD]0 = [AD] + [Ps] + [Ph] and [Nu]0 = [Nu] + [Ps]. The
ormulas show that β0 and 1/γ should have high values and
should have a low value for optimal synthetic performance of
A.
In recent years, a number of mutants with altered catalytic
roperties and in some cases an improved ratio between the
ates of synthesis and hydrolysis have been constructed by site-
irected mutagenesis [16,17], but an important drawback of
hese variants of E. coli PA is that they have a greatly reduced
ynthetic activity (vPs ). In this paper we present hybrid PAs
hat were constructed with the use of gene shuffling. Three PA-
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ere used as starting sequences to construct a pool of chimeric
enes. From this library, the transformants with the best catalytic
roperties for the synthesis of ampicillin were selected and their
atalytic performance was investigated and compared with that
f the parent enzymes.
. Materials and methods
.1. Strains and plasmids
The gene encoding PA of E. coli holds three mutations compared to the gene
equence in the GenBank (accession number 42247): T815C (encoding V272A),
1309C and G1311A (encoding V437L). The pEC vector carries the PA-
ncoding gene from E. coli, as well as a chloramphenicol acetyltransferase (cat)
ene as resistance marker and a tacI promoter that can be induced by isopropyl-
-d-thiogalactopyranoside (IPTG) [18,19]. The DNA that encodes PA from K.
ryocrescens ATCC 21285 was amplified from genomic DNA, using the primers
CFw (5′-CTGCAAGAGGATCATATGAAAAATAGA-3′, NdeI-site in italics)
nd KCRv (5′-GGGGAGGCCGAAAGCTTAGCGCTGTAC-3′, HindIII-site in
talics). After amplification and restriction, the gene was cloned in the pEC vector
hat was previously cut with the same restriction endonucleases, yielding plas-
id pKC. The DNA encoding the PA from P. rettgeri ATCC 9250 was amplified
rom genomic DNA. The primers used for the amplification were PRFw (5′-
ATGGGACTCAACATATGAAAAAACACCTC-3′, NdeI-site in italics) and
RRv (5′-TTTAGCTTAACCCGGGTATTATCTCTCAAT-3′, SmaI site in ital-
cs). Subsequently, the gene was cloned in pEC, yielding the plasmid pPR. E.
oli HB101 was used as host for all plasmids.
.2. Gene shufﬂing
Amplification of the ancestral genes was done using 1 U Taq poly-
erase (Roche Diagnostics GmbH, Mannheim, Germany). Taq DNA poly-
erase was used in order to introduce mutations at random positions.
he forward primer used for amplifying all genes was the 27-mer 5′-
AAACAGGATCCAAGGAAAAACATATG-3′, which anneals partially in
ront of and partially on the PA genes. It contains a NdeI-restriction site (italics).
s reverse primer three different oligonucleotides were used: for pEC the 33-mer
′
-CAGGTCGACCCCGGGTTATCTCTGAACGTGCAA-3′, for pKC the 33-
er 5′-CAGGTCGACCCCGGGTTAGCGCTGTACCTGCAG-3′, and for pPR
he 33-mer 5′-CAGGTCGACCCCGGGTTATCTCTCAATTATTAG-3′. These
rimers contain both a SalI (italics) and SmaI restriction site (italics and under-
ined). The PCR reaction was performed using a Progene Thermo cycler (Techne,
ambridge, UK) employing the following program: 10 min at 94 ◦C, 25 cycles
f 1.0 min at 94 ◦C, 1.5 min at 55 ◦C and 2.5 min at 72 ◦C, followed by 5 min at
2 ◦C.
For DNase digestion, a mixture of 1g of each parent DNA was incubated
ith 0.15 U DNase (Roche, Basel, Switzerland) at 30 ◦C for 7.5 min. After the
igestion, the DNase was inactivated by heating the mixture at 95 ◦C for 15 min
nd fragments of 50–400 base pair (bp) were purified from a 2% agarose gel
Gibco, Inchinnan, Palsley, UK), using a PCR purification kit (Qiagen GmbH,
ilden, Germany).
For the reassembly reaction, about 1g of purified digested DNA was used
n a PCR reaction without primers. The reassembly was performed using a
rogene Thermo cycler in a total volume of 30l employing the following
rogram: 1.0 min at 94 ◦C, 80 cycles of 1.0 min at 94 ◦C, 1.0 min at 35 ◦C and
.5 min at 72 ◦C, followed by 5 min at 72 ◦C.
To introduce restriction sites for cloning of the full-length products,
l of the reassembly mix was used in a subsequent PCR reaction with
he forward primer 5′-GAAACAGGATCCAAGGAAAAACATATG-3′ (NdeI-
ite shown in italics), and the reverse primer 5′-TTCGACCTCTAGA-
′
talics and underlined, a HindIII-site in bold, XbaI-site bold and underlined). The
olymerase used was Pwo (Roche) and the employed program was the same as
or the initial amplification of the parent genes. After digesting the PCR product
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.3. Selection of active PAs
Competent E. coli HB101 cells were transformed using standard proto-
ols and plated on minimal medium supplemented with 20 mM glucose as
arbon and energy source, 1 mM NH4Cl as nitrogen source, 10 mg/l proline,
0 mg/l N-phenylacetyl-l-leucine and 68 mg/l chloramphenicol. Colonies that
ad appeared after 3 days incubation at 30 ◦C were transferred to 96-well
icrotiter plates containing 250l LB medium and 68 mg/l chlorampheni-
ol per well and allowed to grow at 37 ◦C for 24 h at 200 rpm. After addi-
ion of glycerol to a final concentration of 10%, the plates were stored at
80 ◦C. Each microtiter plate contained 84 transformants, the three parents
n duplicate, duplicate negative controls, and four wells containing only LB
edium.
.4. Screening for improved mutants
From the stored microtiter plates, 10l cell suspension was transferred to
second microtiter plate containing 240l LB medium supplemented with
8 mg/l chloramphenicol and 0.1 mM IPTG and the cells were allowed to grow
or 36 h at 16 ◦C and 200 rpm. Subsequently, 100l culture was mixed with
00l of HPLC reaction mixture, consisting of 200 mM d-phenylglycine amide
d-PGA) and 75 mM 6-aminopenicillic acid in 50 mM phosphate buffer, pH 7.0,
nd incubated at 30 ◦C. After 2, 4 and 8 h, samples were taken and quenched
sing a Plato 3001 automated pipetting station (Rosys AG, Switzerland) that also
unctioned as a 96-well microtiter plate format autosampler for HPLC injection.
he samples were analyzed by HPLC on an Alltima C18 rocket column in
onnection with a Jasco PU-1586 pump and a Jasco UV-1586 detector set at
14 nm. All compounds were eluted isocratically using a solution containing
40 mg/l SDS, 5 mM phosphate, 30% acetonitrile, and adjusted to pH 3.0 with
hosphoric acid. Concentrations of PG and ampicillin were determined and the
atio of the ampicillin concentration over the PG concentration ([Ps]/[Ph]) was
alculated.
For preparation of periplasmic extracts containing PA, cells were grown at
7 ◦C in 50 ml LB medium supplemented with 0.1 mM IPTG. The cells were
arvested by centrifugation at 6000 rpm for 10 min and the pellet was suspended
n 25 ml of ice-cold osmotic shock buffer A (20% sucrose and 10 mM EDTA in
00 mM Tris–HCl, pH 8.0) and centrifuged at 3600 × g for 10 min. The pellet
as resuspended in 1 ml of ice-cold osmotic shock solution B (1 mM EDTA)
nd centrifuged at 3600 × g for 10 min. Potassium phosphate buffer (1 M, pH
.0) was added to the supernatant, which is called a periplasmic extract, to a final
oncentration of 50 mM. Enzyme concentrations were determined by titration
ith phenylmethylsulfonyl fluoride (PMSF) [20]. For purification of PA, 1 L
ultures were grown in LB medium supplemented with 0.1 mM IPTG at 17 ◦C.
he enzymes were purified as described [17].
The synthesis experiments were carried out with 100 nM enzyme at 30 ◦C in
0 mM potassium phosphate buffer, pH 7.0, and the reaction was started by addi-
ion of 6-APA and d-PGA to a final concentration of 25 and 15 mM, respectively.
amples were taken and analyzed by isocratic HPLC, using a Chrompack C18
olumn in connection with a Jasco PU-980 pump and a Jasco UV-1575 detector
et at 214 nm.
.5. Kinetic analysis
All enzymatic reactions were carried out in a 50 mM phosphate buffer, pH
.0. Synthesis was started after mixing 100 nM enzyme with 25 mM nucle-
phile, which was either 6-APA or 7-aminodesacetoxycephalosporanic acid
7-ADCA) and 15 mM acyl donor, either d-phenylglycine methylester (d-
GM), d-phenylglycine amide (d-PGA) or d-p-hydroxyphenylglycine amide
d-HPGA). Samples were taken and analyzed by isocratic HPLC. The determi-
ation of β0 and γ was done in a series of conversions with 15 mM d-PGA and
arying 6-APA concentrations.
The hydrolysis of 2-nitro-5-[(phenylacetyl)amino]-benzoic acid (NIPAB)
nd 2-nitro-5-[(phenylglycyl)amino]-benzoic acid (NIPGB) was monitored
sing a Perkin-Elmer Lambda Bio 40 spectrometer. The hydrolysis of NIPAB
nd NIPGB by PA liberates 5-amino-2-nitrobenzoic acid, which can be mea-
ured at 405 nm [21]. The extinction coefficient of 5-amino-2-nitrobenzoic acid
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SPSS Inc.). Steady state kinetic parameters of d-PGA and ampicillin were deter-
ined using HPLC. Values for α were obtained from the ratios between kcat/Km
or acyl donor and product (Eq. (2)). The inhibition constant of phenylactic acid
PAA) was determined as described by Alkema et al. [16].
Simulations of maximal levels of product accumulation as a function of
inetic paramters α, β, and γ were performed using the program Mathematica
Wolfram Research, Champaign, IL).
.6. Chemicals
NIPAB and NIPGB were purchased from Syncom (Groningen, The Nether-
ands). PMSF was from Serva (Heidelberg, Germany). 6-APA, 7-ADCA, d-
GA, d-PGM and d-HPGA were a gift from DSM-Gist (Delft, The Netherlands).
PTG was purchased from Roche.
. Results
.1. Gene shufﬂing of penicillin acylases
Penicillin acylases can be used to transfer an acyl group of
carboxylic acid ester or amide to 6-aminopenicillanic acid
r other -lactam nuclei, but the kinetic properties of the inten-
ively studied PA from E. coli make the enzyme only moderately
uitable for synthetic conversions. This is mainly due to the
ompetition between water and 6-APA for the acyl-enzyme
ntermediate and product hydrolysis. To find better variants than
he wild-type enzyme, the three PA encoding genes of E. coli,
. cryocrescens and P. rettgeri were subjected to family gene
huffling [22,23]. The enzymes encoded by these genes indi-
idually do not have better synthetic properties than the E. coli
A (see below). The genes share 77% (E. coli and K. cryocre-
cens), 61% (K. cryocrescens and P. rettgeri) and 60% (E. coli
nd P. rettgeri) sequence identity at the DNA level. To elimi-
ate unnecessary screening of inactive transformants a growth
election was applied prior to the more time consuming HPLC
easurements of the recombinants’ synthetic properties. For
his, the leucine auxotrophic host E. coli HB101 was used in
ombination with minimal medium agarose plates supplemented
ith 20 mg/l N-phenylacetyl-l-leucine as the leucine source.
he parental PAs can liberate sufficient l-leucine to comple-
ent the auxotrophic marker [24,25]. To check the percentage
f active recombinants, equal amounts of transformed E. coli
B101 cells were plated on LB medium and on minimal medium
upplemented with N-phenylacetyl-l-leucine. Only 3% of the
olonies that appeared on LB medium also grew on minimal
edium, thus only a small fraction of the shuffled recombinants
roduced active PA.
Active transformants were grown in microtiter plates and
ell suspensions were incubated with d-PGA and 6-APA to
creen for ampicillin production by HPLC. Using the proto-
ol described in Section 2, one microtiter plate was analyzed
n 20 h. From the 700 active transformants that were tested,
4% showed detectable (more than 2% compared to E. coli PA)
mpicillin synthesis within 8 h. This indicates that the major-
ty of the transformants that were able to liberate leucine from
N)-phenylacetyl-leucine could also synthesize ampicillin from
-PGA and 6-APA, demonstrating the validity of the growth
election that was used for pre-screening. The [Ps]/[Ph]-ratio was
alculated at three time points and compared to that of the wild-
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ype enzymes. An increased [Ps]/[Ph]-ratio was observed to be
orrelated with an improved initial synthetic ratio ((vPs/vPh )ini)
nd was therefore used as a criterion for improved synthesis.
ut of the 700 clones, 81 transformants (12%) synthesized ampi-
illin to a level of at least 50% of what was found with wild-type
. coli enzyme, while 19 of these 81 transformants also showed
n improved [Ps]/[Ph]-ratio.
The 19 best clones were tested for antibiotic synthesis with
eriplasmic extracts, which were obtained by subjecting the cell
uspensions to an osmotic shock. After the determination of
he PA concentration by PMSF titration, progress curves of the
ormation of both ampicillin (synthesis product) and PG (hydrol-
sis product) were determined. From these progress curves, we
erived the [Ps]max, the initial vPs/vPh-value and the synthetic
ctivity (Table 1), represented by the initial rate of ampicillin
ormation. All 19 selected transformants displayed better syn-
hetic properties than PA ofP. rettgeri. Compared to PA ofE. coli,
ight transformants showed an improved [Ps]max or an improved
vPs/vPh)ini-value, and four transformants were improved in
Ps]max as well as in (vPs/vPh )ini. Four transformants displayed
higher synthetic activity (vPs ) for ampicillin than the most
ctive ancestral enzyme in ampicillin synthesis, that from K.
ryocrescens. The three best transformants were named 73C4,
B11 and 6G8. They were confirmed to be hybrids by sequenc-
ng (see below) and studied in more detail by comparison of
he properties of the purified enzymes to the parent wild-type
nzymes.
.2. Ampicillin synthetic properties and kinetics
Of the wild-type enzymes, the penicillin acylases from E. coli
ndK. cryocrescens appeared to have a slightly higher initial rate
f ampicillin formation (vPs ) and a lower initial vPs/vPh than the
nzymes from P. rettgeri, while the three enzymes were similar
ith respect to the [Ps]max (Table 1). The three selected hybrids
howed a significantly improved (vPs/vPh)ini as compared to PA
rom E. coli. Hybrid 73C4 even displayed an 86% increase of
he initial vPs/vPh . Furthermore, the maximum product yield
[Ps]max) of the hybrids was elevated up to 19% for hybrid 6G8.
ybrids 6G8 and 6B11 showed an increased synthetic rate (vPs ),
hereas hybrid 73C4 showed only a slight decrease in synthetic
ctivity. Thus, two out of the three mutants combine to form an
mproved [Ps]max and (vPs/vPh )ini with a remarkable increase of
he synthetic rate in ampicillin production.
The three parameters α, β0 and γ , which describe the syn-
hetic behaviour of penicillin acylases in the kinetically con-
rolled synthesis at various nucleophile concentrations, were
etermined for the wild-type enzymes and the hybrids (Table 2).
alues for α were obtained from kinetic parameters (kcat/Km) for
cyl donor and product, and values for β and γ were calculated
rom a plot of (vPs/vPh )ini against ampicillin concentration. As
an be seen from Fig. 4, the (vPs/vPh)ini values of E. coli and K.
ryocrescensPA are similar at lower nucleophile concentrations,
hereas at higher concentrations the E. coli enzyme showed a
lightly higher (vPs/vPh)ini-value. Consequently, the 1/γ-value
f E. coli PA is higher. The three hybrids, however, showed even
etter values for γ . Similarly, the values for β0 were better for
1340 S.A.W. Jager et al. / Enzyme and Microbia
Table 2
Complex kinetic constants of the parent and hybrid enzymes for ampicillin
synthesis
Penicillin acylase α β0 (mM−1) 1/γ
E. coli 7.8 0.078 7.2
K. cryocrescens 12.7 0.098 5.3
P. rettgeri 5.8 0.032 3.3
6G8 11.1 0.130 8.1
73C4 11.6 0.120 8.4
6B11 6.4 0.115 7.9
The factor α is defined as the ratio of the specificity constants for ampicillin and
d-PGA (See Table 3).
Fig. 4. Nucleophile reactivity of 6-APA in the synthesis of ampicillin by the
ancestral and hybrid PAs. The initial rate of ampicillin formation and phenyl-

























































Rarying concentrations of 6-APA. Penicillin acylases: E. coli PA (), K. cry-
crescens PA (©) and P. rettgeri PA (); hybrid 6B11 (), hybrid 6G8 () and
ybrid 73C4 ().
he three hybrids than for the best wild-type enzyme, which was
. cryocrescens PA.
A low α-value is one of the factors that leads to a high level
f product accumulation [15]. For PA from E. coli α was 7.8,
mplying that this enzyme has a higher specificity constant for
he product than for the acyl donor, which causes significant
roduct hydrolysis when its concentration increases and the acyl
onor becomes depleted. Of the other enzymes, the PAs from P.
ettgeri and hybrid 6B11 showed lower values for α as compared
o the E. coli enzyme, which was mainly due to a decrease in






teady state kinetic parameters for hydrolysis of ampicillin and d-phenylglycine ami
enicillin acylase Ampicillin
kcat (s−1) Km (mM) kcat/Km (mM−
. coli 36.7 3.6 10.19
. cryocrescens 17.2 3.0 5.83
. rettgeri 20.6 5.8 3.55
G8 29.6 2.7 10.96
3C4 22.1 3.9 5.67
B11 25.7 6.3 4.08
eaction conditions are described in Section 2.l Technology 40 (2007) 1335–1344
isplayed a 50% higher α and this was caused by an increase in
he Km for d-PGA.
With these three parameters it is possible to predict the maxi-
um ampicillin yield that can be reached using various substrate
oncentrations (Eq. (3)). The results of these simulations show
hat all hybrids showed improved synthetic properties at low sub-
trate concentrations, as was established experimentally (Fig. 5).
t high substrate concentrations, however, hybrids 6G8 and
3C4 did not perform better than PA from E. coli, indicating
hat α, which was increased for these hybrids, plays a more
mportant role at higher substrate concentrations. Hybrid 6B11
s significantly improved with respect to [Ps]max. For example,
A of E. coli is predicted to give an ampicillin yield of 50 mM
rom 200 mM 6-APA and 200 mM d-PGA. Hybrid 6B11 shows
his yield already with only 160 mM acyl acceptor and 200 mM
-PGA.
Ampicillin can also be synthesized using d-phenylglycine
ethylester (d-PGM) as the acyl donor and 6-APA as the nucle-
phile (Table 1). In this reaction PA from E. coli again performed
he best of the wild-type enzymes. The two other enzymes
howed a lower (vPs/vPh )ini, a lower level of ampicillin accu-
ulation ([Ps]max) and a lower synthetic activity than the E.
oli enzyme and the level of product accumulation was lower
han when d-PGA was used as the acyl donor (Table 1). The
hree selected hybrids showed better synthetic properties than
he wild-type enzymes, even though the screening of the library
as only based on their ability to synthesize ampicillin from
-PGA and 6-APA. The synthetic rate of hybrid 6G8 appeared
o be 20% higher than that of the E. coli wild-type enzyme, and
oth (vPs/vPh )ini and [Ps]max were increased for all three hybrids.
.3. Synthesis of other antibiotics
To examine if the mutants were also able to synthesize other
-lactam antibiotics than ampicillin, the synthesis of amoxi-
illin, cephalexin and cefadroxil was tested (Table 1).
Amoxicillin can be synthesized using d-HPGA as the acyl
onor and 6-APA as the acyl acceptor. Strikingly, PA from P.
ettgeri turned out to be the most active wild-type enzyme in
his reaction, whereas it displayed the lowest synthetic activity
n the synthesis of ampicillin when the amide of phenylacetic
cid was used as acyl donor. The three hybrids had the highest
alues for the initial synthesis/hydrolysis ration and the highest
evel of product accumulation.
de (d-PGA)
d-PGA
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Rig. 5. Calculations of the maximum level of ampicillin accumulation ([Ps]max
sing Eq. (3). (A), the simulated [Ps]max of E. coli PA is shown in red, K. cryoc
A is shown in red, 6G8 in light grey, 73C4 in white and 6B11 in dark grey.
Cephalexin synthesis was tested using d-PGA as the acyl
onor and 7-ADCA as the acyl acceptor (Table 1) and it appeared
hat this conversion is catalyzed more efficiently than the syn-
hesis of ampicillin as [Ps]max and (vPs/vPh)ini were consider-
bly higher, which is in agreement with previous observations
16,26]. The (vPs/vPh)ini of K. cryocrescens PA was higher than
hat of E. coli and P. rettgeri PAs, but the three hybrids showed
he best values.
For the synthesis of cefadroxil, d-HPGA was used as the acyl
onor and 7-ADCA as the nucleophile (Table 1). In this reac-
ion, the three hybrids showed increased (vPs/vPh )ini and [Ps]max
alues compared to the parent enzymes, of which the PA from
. rettgeri appeared to be the most active. This is in agreement
ith the results obtained with the synthesis of amoxicillin, in
hich d-HPGA was also used as acyl donor, indicating that PA
f P. rettgeri performs better with d-HPGA than with d-PGA
s acyl donor. The synthetic activity of hybrid 6G8 was higher
n all synthesis reactions than that of PA from E. coli, whereas
he synthetic activity of the other hybrids was between 62 and
08%.
.4. Steady-state kinetic parametersTo investigate the hybrids in more detail, steady-state kinetic
arameters for the chromogenic substrates NIPAB and NIPGB






teady-state kinetic parameters for hydrolysis of NIPAB and NIPGB and the inhibiti
enicillin acylase NIPAB
kcat (s−1) Km (M) kcat/Km (M−1 s−1)
. coli 22.7 16.2 1.40
G8 16.5 11.3 1.46
3C4 18.4 16.7 1.10
B11 21.9 18.4 1.19
eaction conditions are described in Section 2.e three parent enzymes (A) and the three selected hybrids and E. coli PA (B),
ns PA in grey and P. rettgeri PA in white. (B), the simulated [Ps]max of E. coli
arameters of the hybrids for NIPAB had not changed much
n comparison with those of PA from E. coli, indicating that
he positional changes of the active site residues are rela-
ively small. The Km of hybrid 6G8 was decreased as com-
ared to E. coli PA, resulting in an increased specificity for
IPGB, whereas hybrid 6B11 showed a 50% increase of the
m.
Since 6-APA used for synthesis of ampicillin and amoxicillin
ay contain traces of phenylacetic acid (PAA) and the Ki of
A for PAA is in the micromolar range, the inhibition constant
or PAA is an important parameter. It appeared to be two-fold
owered for hybrid 6G8 as compared to E. coli PA, making this
ybrid enzyme more sensitive to inhibition by PAA. However,
he other two hybrids did not show this reduction. Hybrid 6B11
ven displayed a small increase of the Ki for PAA, making it less
rone to PAA inhibition. The combination of this characteristic
nd the improved synthetic properties make hybrid 6B11 a good
andidate for the production of ampicillin.
.5. DNA and amino acid sequence of the improved mutants
DNA sequencing showed that the recombinants were hybrids
f the E. coli and K. cryocrescens PA encoding genes (Fig. 6).
he length of the overlapping DNA regions where crossing over
ad occurred varied from 2 to 30 bp with an average size of
5 bp.
on constant for PAA
NIPGB PAA
kcat (s−1) Km (M) kcat/Km (mM−1 s−1) ki (M)
16.5 1000 16.5 28.2
18.0 640 28.1 16.0
12.7 1040 12.2 28.5
18.3 1490 12.3 30.3
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Fig. 6. Schematic representation of the pac gene of E. coli PA (A) and hybrid
penicillin acylases (B). (A) The E. coli pac gene. The numbers indicate the base
pair (bp) of the gene encoding the preprotein. (B) Segments originating from E.






































































9arts in white. DNA segments where crossing over occurred are enlarged and
he bp numbers are given. The asterisks indicate non-silent mutations and the
odons of these mutations are given.
The E. coli gene coding for PA consists of 2541 bp, whereas
he gene of K. cryocrescens is 6 bp shorter. The three chimeric
enes were composed of 2541 bp and a greater part of the genes
riginates from E. coli. The signal peptide of hybrids 6G8 and
3C4 originates from K. cryocrescens. Moreover, one of the seg-
ents of K. cryocrescens in hybrid 6G8 encoded the N-terminal
ctive site serine. In addition to DNA crossovers, point muta-
ions were introduced during the amplification and reassembly,
ith an overall frequency of 0.20% in the three hybrids (Fig. 6).
otably, one mutation coding for mutation D148G was found
n the genes of 6B11 and 73C4. In both sequences the same
odon was found at position 148, which could indicate that this
utation was introduced in the initial amplification of the parent
enes. Other mutations that were present in the hybrid enzymes
ere residues G375, Q170 and T132. These residues are
ocated far from the substrate binding site in enzyme regions not
nown to be involved in catalysis.. Discussion
Different ways have been explored to improve the biocatalytic
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cylase, such as optimising the pH of the reaction medium [27],
he use of immobilized PA [28,29], addition of cosolvents [30],
nd the use of high concentrations of the -lactam nucleus
31,32]. Less work has been devoted to the improvement of the
iocatalyst itself [16,33,34]. In this paper, we have explored the
se of family gene shuffling [22,23] of the PA encoding genes
rom E. coli, K. cryocrescens and P. rettgeri to obtain improved
nzyme variants that do not show the undesirable reduction of
atalytic efficiency found with earlier mutants of E. coli PA.
Of the three enzymes that were used, PA from E. coli proved
o be the best enzyme for the synthesis of ampicillin, which
s in accordance with the literature [26,35]. PA from P. rettgeri
ppeared to be a poor enzyme for the synthesis of both ampicillin
nd cephalexin with d-PGA as the acylating agent, but it was
he best enzyme for the synthesis of amoxicillin and cefadroxil
ith d-HPGA as acyl donor. The E. coli and K. cryocrescens
As were also found to be more suitable for the production of
ephalexin than the A. faecalis or P. rettgeri enzymes in a recent
tudy by Cheng et al. [36].
Sequence comparison of the three enzymes shows that the
ydrophobic pocket of P. rettgeri PA that binds the acyl moiety
f the substrate, including the hydroxyl group of d-HPGA, dif-
ers only in one amino acid from that in the other two enzymes.
his residue,56, is a leucine in PA from P. rettgeri, whereas it is
valine in the PAs from E. coli and K. cryocrescens. Atom CG1
f V56 is 3.90 ´A˚ away from the oxygen atom of the hydroxyl
roup of p-hydroxyphenylacetic acid in structure 1AI6.PDB of
. coli PA [37], indicating that the presence of a small residue
t this position may create space for the hydroxyl group of p-
ydroxyphenylacetic acid and d-HPGA. Recently, it was shown
hat mutation M142L, at a position that is located next to
esidueL56 in the substrate binding site, increased the selectiv-
ty for 6-bromohexanamide in PA of P. rettgeri by creating more
pace for the sterically hindered bromine aliphatic derivates
46].
After gene shuffling, we used plate screening and selection
o obtain active enzyme. The percentage of active transformants
btained (3%), as judged by liberation of l-leucine in the growth
ssay, was lower than the 20% reported for gene shuffling in
ther papers [38,39]. However, Zhou et al. [35] found that 5%
f their library encoded active enzymes, whereas gene shuffling
f expandase yielded a library of which most clones had low
r no detectable activity [40]. Sizmann et al. [41] showed that
utations at the C-terminus of E. coli PA as well as internal
eletions within the -subunit prevented correct folding of the
ature protein. Furthermore, the yield of folded protein was sig-
ificantly reduced when mutations were introduced in the spacer
eptide, indicating that PA could be relatively sensitive to muta-
ions because production of active enzyme may be corrupted at
ifferent stages and loss of activity can be due to mutations in
ifferent parts of the enzyme.
Further screening of the active PAs by HPLC revealed that
4% of the 700 active transformants converted d-PGA and 6-
PA to ampicillin. However, only 3% of these transformants
ppeared to be improved in the rate of synthesis. This percent-
ge seems low, but previous work has shown that most mutants
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al gene library that had enhanced values for (vPs/vPh)ini and
Ps]max have a greatly reduced synthetic rate [16,33,42]. Since
e only selected variants with a high synthetic activity, such less-
ctive mutants were discarded during the selection. The axiom
you get what you screen for” is often regarded as the first law
n directed evolution [43,44]. Notwithstanding the axiom, the
hree best hybrids which were selected on basis of enhanced
mpicillin synthesis were also improved in the production of
moxicillin, cephalexin and cefadroxil. This might be explained
y the resemblance between these -lactam antibiotics. Obvi-
usly, screening for such other products may well yield hybrids
ith even better synthetic properties than the ones we report
ere.
Sequence analysis of the genes that encode the best synthetic
nzymes, 73C4, 6B11 and 6G8, showed that they were hybrids of
. coli and K. cryocrescens PA genes (Fig. 6). The three hybrid
enes did not contain parts of the PA-encoding gene from P.
ettgeri, which showed the least favourable values for the syn-
hesis of ampicillin. In addition, random mutations were found
n the hybrid genes, most of which are located far from the active
ite. It is expected that positional changes of the residues in the
ctive site due to these mutations are small. They might, how-
ver, influence the accessibility of the substrate binding site.
he carbonyl oxygen atom of residue G375 is located 13.5 ´A˚
rom both carboxylic oxygen atoms of penicillin G in the crys-
al structure of 1FXV.PDB and is positioned in the entrance
o the substrate binding site. Residue G375 was mutated in
ybrid 6G8 to a serine. To investigate the contribution of this
utation to the properties of hybrid 6G8 in ampicillin synthe-
is from 6-APA and phenylglycine amide, we have constructed
utant G375S and it displayed an increase of the [Ps]max of
2%, whilst the (vPs/vPh)ini was elevated by 80%. Moreover,
his mutant did not show any decrease of the synthetic activ-
ty (details not shown). These findings are remarkable in view
f the distance between this residue and the active site. Simi-
arly, we have constructed mutant D148G, carrying a mutation
hat was found in two different improved hybrids. The [Ps]max
f this mutant in ampicillin synthesis increased 1.2-fold and
he (vPs/vPh)ini was increased by 80% as compared to E. coli
ild-type PA, indicating that residue D148 is a good target for
ite-directed mutagenesis (details not shown). This amino acid is
ocated next to residuesR145 andF146, which undergo a con-
ormational change upon substrate binding [33,37,45]. Residue
D148 is hydrogen bonded to three conserved residues, possibly
iving a tight connection and replacing it may increase the flexi-
ility of the part of the enzyme that is involved in the induced-fit
epositioning.
Of the three enzymes that were included in the gene shuffling,
A fromE. coli displayed slightly higher [Ps]max and (vPs/vPh)ini
alues for the synthesis of ampicillin than PA of K. cryocrescens,
hereas the latter enzyme displayed a higher synthetic rate.
nterestingly, hybrids of these two enzymes showed increased
alues for all three parameters ([Ps]max, (vPs/vPh)ini and vPs ), as
ompared to both parent enzymes, and the best hybrids were cal-
ulated to show improved ampicillin production over a range of
oncentrations of the-lactam. Thus, gene shuffling was an use-
ul method for improving the synthetic properties of penicillin
[l Technology 40 (2007) 1335–1344 1343
cylase. Moreover, gene shuffling yielded substitutions that con-
ributed to improved synthesis, underlining that it may enhance
iocatalyst performance not only by recombination but also by
ntroducing point mutations, which in turn leads to identifica-
ion of new targets for site-directed mutagenesis, which might
ot have been found by scrutinizing the crystal structure of the
nzyme.
eferences
[1] Arroyo M, de lM I, Acebal C, Pilar CM. Biotechnological applica-
tions of penicillin acylases: state-of-the-art. Appl Microbiol Biotechnol
2003;60:507–14.
[2] Sudhakaran VK, Borkar PS. Microbial transformation of beta-lactam
antibiotics: enzymes from bacteria, sources and study—a sum up. Hin-
dustan Antibiot Bull 1985;27:63–119.
[3] Sudhakaran VK, Borkar PS. Phenoxymethyl penicillin acylase: sources
and study—a sum up. Hindustan Antibiot Bull 1985;27:44–62.
[4] Prieto MA, Diaz E, Garcia JL. Molecular characterization of the 4-
hydroxyphenylacetate catabolic pathway of Escherichia coli W: engineer-
ing a mobile aromatic degradative cluster. J Bacteriol 1996;178:111–20.
[5] Valle F, Balbas P, Merino E, Bolivar F. The role of penicillin amidases in
nature and in industry. Trends Biochem Sci 1991;16:36–40.
[6] Hewitt L, Kasche V, Lummer K, Lewis RJ, Murshudov GN, Verma CS,
et al. Structure of a slow processing precursor penicillin acylase from
Escherichia coli reveals the linker peptide blocking the active-site cleft.
J Mol Biol 2000;302:887–98.
[7] Duggleby HJ, Tolley SP, Hill CP, Dodson EJ, Dodson G, Moody
PC. Penicillin acylase has a single amino-acid catalytic centre. Nature
1995;373:264–8.
[8] Bruggink A. Synthesis of -lactam antibiotics. Kluwer Academic Publish-
ers; 2001.
[9] Verweij J, Devroom E. Industrial transformations of penicillins and
cephalosporins. Recl Trav Chim Pays-Bas 1993;112:66–81.
10] Wegman MA, Janssen MHA, van Rantwijk F, Sheldon RA. Towards
biocatalytic synthesis of beta-lactam antibiotics. Adv Synth Catal
2001;343:559–76.
11] Youshko MI, Bukhanov AL, Svedas VK. Study of nucleophile binding in
the penicillin acylase active center. Kinetic analysis. Biochemistry (Mosc)
2003;68:334–8.
12] Matthews BW, Sigler PB, Henderson R, Blow DM. Three-dimensional
structure of tosyl-alpha-chymotrypsin. Nature 1967;214:652–6.
13] Gololobov MY, Borisov IL, Svedas VK. Acyl group transfer by pro-
teases forming an acyl enzyme intermediate: kinetic model analysis
(including hydrolysis of acyl enzyme–nucleophile complex). J Theor Biol
1989;140:193–204.
14] Mortensen UH, Stennicke HR, Raaschou-Nielsen M, Breddam K. Mech-
anistic study on carboxypeptidase Y-catalyzed transacylation reactions.
Mutationally altered enzymes for peptide synthesis. J Am Chem Soc
1994;116:34–41.
15] Youshko MI, Chilov GG, Shcherbakova TA, Svedas VK. Quantitative char-
acterization of the nucleophile reactivity in penicillin acylase-catalyzed
acyl transfer reactions. Biochim Biophys Acta 2002;1599:134–40.
16] Alkema WB, Dijkhuis AJ, de Vries E, Janssen DB. The role of hydropho-
bic active-site residues in substrate specificity and acyl transfer activity of
penicillin acylase. Eur J Biochem 2002;269:2093–100.
17] Alkema WB, Hensgens CM, Kroezinga EH, de VE, Floris R, van der Laan
JM, et al. Characterization of the beta-lactam binding site of penicillin acy-
lase of Escherichia coli by structural and site-directed mutagenesis studies.
Protein Eng 2000;13:857–63.
18] Amann E, Brosius J, Ptashne M. Vectors bearing a hybrid trp–lac promoter
useful for regulated expression of cloned genes in Escherichia coli. Gene
1983;25:167–78.
19] De Boer HA, Comstock LJ, Vasser M. The tac promoter: a functional




























[344 S.A.W. Jager et al. / Enzyme and Mic
20] Svedas VK, Margolin AL, Sherstiuk SF, Klyosov AA, Berezin IV. Inac-
tivation of soluble and immobilized penicillin amidase from E. coli by
phenylmethylsulphonylfluoride: kinetic analysis and titration of the active
sites. Bioorg Khim 1977;3:546–53.
21] Kutzbach C, Rauenbusch E. Preparation and general properties of crys-
talline penicillin acylase from Escherichia coli ATCC 11105. Hoppe
Seylers Z Physiol Chem 1974;355:45–53.
22] Crameri A, Raillard SA, Bermudez E, Stemmer WP. DNA shuffling of a
family of genes from diverse species accelerates directed evolution. Nature
1998;391:288–91.
23] Stemmer WP. DNA shuffling by random fragmentation and reassembly:
in vitro recombination for molecular evolution. Proc Natl Acad Sci USA
1994;91:10747–51.
24] Forney LJ, Wong DC, Ferber DM. Selection of amidases with novel
substrate specificities from penicillin amidase of Escherichia coli. Appl
Environ Microbiol 1989;55:2550–5.
25] Martin L, Prieto MA, Cortes E, Garcia JL. Cloning and sequencing of the
pac gene encoding the penicillin G acylase of Bacillus megaterium ATCC
14945. FEMS Microbiol Lett 1995;125:287–92.
26] Hernandez-Justiz O, Terreni M, Pagani G, Garcia JL, Guisan JM,
Fernandez-Lafuente R. Evaluation of different enzymes as catalysts for
the production of beta-lactam antibiotics following a kinetically controlled
strategy. Enzyme Microb Technol 1999;25:336–43.
27] Ospina S, Barzana E, Ramirez OT, Lopez-Munguia A. Effect of pH in
the synthesis of ampicillin by penicillin acylase. Enzyme Microb Technol
1996;19:462–9.
28] Fernandez-lafuente R, Rosell CM, Guisan JM. The use of stabilized peni-
cillin acylase derivates improves the design of kinetically controlled syn-
thesis. J Mol Catal A 1995;101:91–7.
29] Janssen MH, van Langen LM, Pereira SR, van RF, Sheldon RA. Evaluation
of the performance of immobilized penicillin G acylase using active-site
titration. Biotechnol Bioeng 2002;78:425–32.
30] Fernandez-lafuente R, Rosell CM, Guisan JM. Enzyme reaction engi-
neering: synthesis of antibiotics catalysed by stabilized penicillin G acy-
lase in the presence of organic cosolvents. Enzyme Microb Technol
1991;13:898–905.
31] Kaasgaard SG, Veitland U. Process for preparation of beta-lactams utilizing
a combined concentration of acylating agent plus beta-lactam derivate of
at least 400 mM. US Patent 5525483 (1996).
32] Youshko MI, van Langen LM, de Vroom E, van Rantwijk F, Sheldon
RA, Svedas VK. Highly efficient synthesis of ampicillin in an “aqueous
solution-precipitate” system: repetitive addition of substrates in a semi-
continuous process. Biotechnol Bioeng 2001;73:426–30.
[l Technology 40 (2007) 1335–1344
33] Alkema WB, Prins AK, De Vries E, Janssen DB. Role of alpha-Arg145
and beta-Arg263 in the active site of penicillin acylase of Escherichia coli.
Biochem J 2002;365:303–9.
34] Sio CF, Quax WJ. Improved beta-lactam acylases and their use as industrial
biocatalysts. Curr Opin Biotechnol 2004;15:349–55.
35] Zhou Z, Zhang AH, Wang JR, Chen ML, Li RB, Yang S, et al. Improving
the specific synthetic activity of a penicillin G acylase using DNA shuffling.
Acta Biochim Biophys Sinica 2004;35:573–9.
36] Cheng T, Chen M, Zheng H, Wang J, Yang S, Jiang W. Expression and
purification of penicillin G acylase enzymes from four different micro-
organisms, and a comparative evaluation of their synthesis/hydrolysis ratios
for cephalexin. Protein Expr Purif 2006;46:107–13.
37] Done SH, Brannigan JA, Moody PC, Hubbard RE. Ligand-induced
conformational change in penicillin acylase. J Mol Biol 1998;284:
463–75.
38] Christians FC, Scapozza L, Crameri A, Folkers G, Stemmer WP. Directed
evolution of thymidine kinase for AZT phosphorylation using DNA family
shuffling. Nat Biotechnol 1999;17:259–64.
39] Kaper T, Brouns SJ, Geerling AC, De Vos WM, van der Oost J.
DNA family shuffling of hyperthermostable beta-glycosidases. Biochem
J 2002;368:461–70.
40] Hsu JS, Yang YB, Deng CH, Wei CL, Liaw SH, Tsai YC. Family shuffling
of expandase genes to enhance substrate specificity for penicillin G. Appl
Environ Microbiol 2004;70:6257–63.
41] Sizmann D, Keilmann C, Bock A. Primary structure requirements for the
maturation in vivo of penicillin acylase fromEscherichia coli ATCC 11105.
Eur J Biochem 1990;192:143–51.
42] Gabor EM, Janssen DB. Increasing the synthetic performance of penicillin
acylase PAS2 by structure-inspired semi-random mutagenesis. Protein Eng
Des Sel 2004;17:571–9.
43] Schmidt-Dannert C, Arnold FH. Directed evolution of industrial enzymes.
Trends Biotechnol 1999;17:135–6.
44] You L, Arnold FH. Directed evolution of subtilisin E in Bacillus sub-
tilis to enhance total activity in aqueous dimethylformamide. Protein Eng
1996;9:77–83.
45] McVey CE, Walsh MA, Dodson GG, Wilson KS, Brannigan JA. Crys-
tal structures of penicillin acylase enzyme–substrate complexes: struc-
tural insights into the catalytic mechanism. J Mol Biol 2001;313:
139–50.
46] Braiuca P, Cruciani G, Ebert C, Gardossi L, Linda P. An innovative appli-
cation of the ”flexible” GRID/PCA computational method: study of differ-
ences in selectivity between PGAs from Escherichia coli and a Providentia
rettgeri mutant. Biotechnol Prog 2004;4:1025–31.
